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NOLTR 68-56

AN EQUATION FOR RAPID CALCULATION OF
STAGNATION POINT RADIATIVE EEAT T®ANSFER (INCLUDING
SHOCK LAYER RADIATIVE COOLING AND NONGRAY SELF-ABSORPTION)
by

John D. Apdersoa, dJr.

ABSTRACT: A closed-form equation is derived for stagnation point
reentry radiative heat transfer accounting for the combined effects
of radiative cooling and nongray seif-absorption within the sﬂock
layer. The equaticn can bz applied for both continuum and atomic
line radiation. In additlon, the equation is shown to agree favorably
with existing numerical data for stagnatiom point, comtinuum, radia-
tive heat transfer for a wide variety of conditions. Also, the
equation is shown to apply to the end-wall radintive heat transfer
behind a strong reflected shock wave in a shock tub;, Finally, the
equation provides a rapid means of obtaining, by hand, reasonably
accurate engineering estimates for reentry radiative heat trgnsfer

including shock layer radiative cooling and noengray self-absorption.

U, S. NAVAL ORDNANCE LABORATORY
White Oak, Silver Spring, Maryland
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An Equatiocn for Rapid Calculation of Stagnation Point Radiative Heat
Transfer (Including Shock Layer Radiative Cooling and Nongray Self-
Absorption) d

This report presents a closed-form equation for stagnation point
reentry radiative heat transfer accounting for the combined effects
of radiative cocling and nongray self-absorption within the shock
layer. The equation can he applied for both continuum and atomic
iipe radiation. 1In addition the equation is shown to agree favorably
with existing numerical data for stagnation point, continuum, radia-~
tive hest transfer for a wide variety of conditions. Also, the
equation is shown to apply to the end~wall radiative heat transfer
behind a strong reflected shock wave in a shock tube.

This project was performed for Foundatiounal Research under FR-61.
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ILLUSTRATIONS
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Effect of radiative cooling and nongray self-absorption on
stagnation point radiative and convective heat transfer.
V, = 50,000 f£t/sec; alt = 200,000 feet

Effecl of radiative cooling and nongray self-absorption on
those portions of st%gnation point radiative heat transfer
above and below 1100A, V_ = 50,000 ft/sec; alt = 200,000 feet

Effect of radiative cooling and nongray self-absorption on
the stagnation region shock layer enthalpy profile.
v, = 50,000 ft/sec; alt = 200,000 feet

Schemaiic of nongray continuum step model absorption
coefficient,

Effect of radiative cooling and noungray self-absorption on
the distribution of B €2 through the stagnation region shock
layer as a function o} T+ ¥V, = 50,000 ft/sec; alt =
200,000 feet; R = 2,0 feet

Variation of B3&s with 71 through the stagnation region for
various ncse radii. V_ = 50,000 ft/sec; alt = 200,000 feet

B1 and 82 as functions of temperature.
I(réif) as a function of réfr.

Comparison of engineering formula with numerical results
for stagnation point centinuum radiative heat transfer,

Comparison of engineering formula with measured shock tube
end-wall radiative heat transfer rates behind a reflected
shock wave.
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NCHMENCLATURE
2 -l -5
B, Planck black body function = 2hc’exp(he/McM) - 1] X
11004
B, JQ B, 4
o
P2 Jllooxsxdl
Es total radiative energy emitted per second per unit volume
evaluated for equilibrium normal shock conditions
Els radiative energy emitted ver second per unit volume bhetwesn
0 and 1100} a2nd evaluated for equilibrium normal shock
conditions
Ezg radiative energy emitted per second per unit volume above
11008 evaluated for equilibrium normal shock conditions
QR total stagnation point radiative heat transfer

QKy.130p StrEnation point radiative heat trapsfer below 11004

QRIIOO-- stagnation point radiative heat transfer above 11004

R nese radius

T8 equilibrium temperature behind a normal shock

Ve free stream velocity

y distonce measured normal to the surfacs in the stagnation
region

GAD shock detachment distance for the shock layer without
radiative cooling

€2 exponential integral of the =second order; Cz(t) - jzexp(-t/w)dw
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NOLTR 68-56
r radiation loss parameter, Eq. (6)
reff effective radiation loss parameter, Eq, {12)
rl effective radiation loss parameter for the v-u~v region
Tg effective radiation loss parameter for the long wave length .
region
Kl v-u~-v absorption coefficient, Eq. (1)
Kz long wave length absorption coefficient, Eq. (2)
KL spectral absorption coefficient
p\ wave length
P density
14
1 v-u~v optical length = onliy)dy
Tig characteristic v-u~-v optical thickness of the shock layer =
. *1s %p
Subscripts
‘ 1 v-u-v wave length region
2 long wave lengikh regicn
A per unit wave length
L free stream conditions
AD without radiative cocling
£ equilibrium conditions immediately behind the normal bow

gshock wave
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INTRODUCTION

Radiative heat transfer from the high temperature shock layer
about a large, blunt, superorbital reentry vehicle is strongly influ-
enced by the combined effect¢s of radiative coocling and nongray self-
absorption within the shock-heated gas. In fact, recent analysesl'3
have shown that, for superorbital reentry velocities, radiative
cooling and nongray self-absorption can reduce the stagnetion point
radiative heat fransfer by &3 much #s8 an order of magnitude in com-
parison to predicticps based on a constant property, transparent gas.
Similar effects have bsen noted on the high temperature gas behind

a strong refiected shock wave.4’5

Unfortunately, in order to take
these effects into account, the above analyses have required detailed
and tesdiouw: rumerical calculations of the radiating shock layer. This
situation prompts the following question: can a simple, approximate,
closed-form equation be derived wbich would allow rapid but accurate
engineering calculaticns of stagnation point radiative heat tyansisyr

taking into account the combined effects of radiative coecling and

vt s,

nongray self-absorption? The practical benefit of such an engineeriug

formula, namely, to circumvent leagthy numerical calculations, is

obvicus. In answer to the sbove gquestion, the present paper preseunts

a rationgl, physical derivation of such a clcsed-form equation for
stagnatiorn point racdistive heat transfer zccounting for radistive
cooling and nongray self-absorption. This egquation cup be applied
fur both continuum and satomic line radiation. In adaition, the

resulting formula is shown to agree favorably with existing numerical
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NOLTR 68-56
data for stagnation point, contizuum, radiative heat transfer for a
wide variety of conditions. Alsc, the formula is shown to fpply to
the end-wall radiative heat trarsfer behimd a strong reflected shock
wave in a shock tube.

The present analysis is an outgrowth of previous work geared *
to the philosophy of simplifying zeentry radiative heat transfer
calculations without unduve sacrifice in accuracy. In particular,
reference (6) documents a numerical analysis for the viscous, nongray,
radiating stagnation region shock layer, using approximate step
nodels for the nongray, continuum, absorption coefficient of high
temperature air. In fact, the explicit purpose of this apalysis was
to serve 83 & pumerical instrument with whick to investigate the
engineering feasibility of such step model absorption coefiicients.
Early :esultss’7 were obtained from the above analysis, using a now
obsolete step model absorption coefficieat. More recent numerical
resultss have been obtalned using a muczh improved two-step model
absorption coeflicient, rationally constructad from existing quantum
nechanical data; Chese recent results bave shown that such a simple
step model can be used in lieu of detziled spectral variations in
aider t0 obtain reasonable éngineering results for shock layer, non~
gray, continuun radiative heat transfer.8

The closed-form formula for recniry radiative heat transfer -
derived in the present paper represents a furtner continuation of
this engiveerjng philosophy. The formuls is not a numerical correla-
tion of existing deta; rather, it is derived on a ratfonal physiceil
basis. However, a hint with regard to a crucial physical assumptica
is revezled by close examination of some previously unpudlished numeri-
cal rosults obtained during the preparation of reference (8), and wskes

2
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8 simple derivation possible., In fact, the present analysis ls an
illustration of cne role computer experiments play in engineering

analyses, as described in a recent survey by Sichel.9

ANALYSIS

Background

As backgroung for the following derivation, figures 1-3 show
the extent to which radiative cooling and noengray self-absorption
influence the radiating stagnation region shock layer and stagnation
point heat transfer, These results were ohtained from the viscous,
nongray, coutinuum, radiating stagnation region analysis which is
mentioned above,8 and which is simply an extension of an earlier

gray gas analysis by Howe and Viegaslo t0o iaclude nongray self-

absorption. These analyses are well documented,s-a’lo and therefore

will not be described here, It is sufficient to state that they
contain: (1) couplieg of the radiative energy transpgort with the
gasdynanic flow field, {2) rongray self-mbsorption (in thea case of
references (63 - (8)), (3 a fully viscous shock layer from the bhody
to the bow shock, (4) Zocal thermodvpamic and chemical? eguilibriur,
and (5) a self-similar solution limited to the stagnation region of

a hypersonic, thin, radiating shock layer. In addition, the results
in figures 1-3 were obtaiped with a two-step rodel, nongray, continuum
absorption cuefficient of bigh tempersature air described in detail

ir. reference (8); these results have bgen shown to agree favorsbly
lth the detailed spectral calculations of Hoshizeki and Wilson.l’B

A sketch of the pertinert step model absorption coefficient is givsn

in figure 4, where €y and K, are the vacuum ultraviolet (v-u-v) aad
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FIG. 1 EFFECT OF RADIATIVE COOLING AND NONGRAY SELF-ABSORPTION ON ;
STAGNATION POINT RADIATIVE AND CONVECTIVE HEAT TRANSFER. .

V4, = 50,000 FT,/SEC; ALT = 200,000 FEET
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2.0~ 0
s W/ITH RADIATIVE COOLING ~

Ve
o emn WITHOUT RADIATIVE COOLING

T
\

R 0-1100 /

=)

o
w
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FIG. 2 EFFECT OF RADIATIVE COOLING AND NONGRAY SELF-ABSORPTION ON THOSE
PORTIONS OF STAGNATIOM POINT RADIATIVE HEAT TRANSFER ABOVE AND
BELOW 1100 A. Vo = 50,000 FT/SEC; ALT = 200,000 FEET
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WITHOUT RADIATIVE COGLING
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FIG. 3 EFFECT OF RADIATIVE COOLING AND NONGRAY SELF-ABSORPTION ON
THE STAGNATION REGION SHOCK LAYER ENTHALPY PROFILE,
/o, = 50,000 FT/SEC; ALT = 200,000 FEET
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long wave length absorption coefficients respectively,

11003 11004
| €,B,dA j K,B,dA
1 ™ —TTI00% "
B,d) 1
6
[® k. B.dx |®  K.B.d)

‘11008 * X “3100% M A

and Kz = = (2)
| B,d) . B,
11002
Kl is obtained from the results of Hahne,l1 and K2 is obtaired from
'one-half the radiance values of Nar ™~ - ~t a1.12 Reasonable correla-

tions of Kl and K2 have besn obtained as functions of the local gas
density and temperature.8

Figures 1-3 compare results obtained with and without radistive
cooling of the shock layer, i.e., with and without coupling of the
radiative transport with the gasdynamic flow field, Nongray self-
absorption is included in both cases. These results illustrate the
strong influence of radiative cooling anrd nongray self-absorption on
radiative heat transfer calculations; consequently, a closed-form ‘
engineering formula for superorbital, reentry, radiative heat transfer,
QR’ must take these effects into account. 1In the following analysis,
an approximate, closed-form equation for QR is derived which indeed
includes the combined effects of radiative cooling and nongray self-
absorption. For tkhe case of coatinuum radiation, QR will be considered
2g the sun of two contributions: (1) the v-u-v radiative heat transfer
below 11001, QRO«llOO’ and (2) the long wave length radiative heat
transfer above 11004, QR;;o0.e*
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% = QRo_1100 T W1100-= (3)

This division of QR into two distinct (but coupled) parts is suggested
by the spectral variation of the continuum radiation properties for

high teumperature air,l’z

and is consistent with the use of an approxi-
mate step modsl absorption coefficient.8 We wiil now proceed with

the derivation of closed-form expressions for QRO—llOO and QRllOO—w
which allow rapid but reasonably accurate calculations oxX these
contributions. Extension to the case of atomic line radiation will

be digcussed in a subsequent saction.

Vacuum Ultraviolet Contribution

QRO-llOO is markedly affected by radiative cooling and strong

self-abscsption within the shock-~heated gza.sol-8 However, these two

effects combine in a manner that allows a crucial physical assumption
to be made, subsequently leading to a simple expression for QRO-llOO'
To iilustrate this peint, figure 5 shows the effect of radiative
cooling and nongray self-absorption on the local values of the product
Bfiz as :, function of iocal v-u~v optical length, Ty through the

11004
J

shock iayer, where B1 - Bxdxq €2 is the integro-exponential

o

y
function of second crder; and v, = K.(y)dy. The areas under the
1 0 i

curves in figure 5 are proportional to the v-u~v raciative heat
transfer to the surface if we assume one-dimensional radiative trans-
fer through the shock layer, 2 cold, non-emitting, black surface, and

if we inmply that the gas absorptior coefficient is adequately repre-
6,13

sented by figure 4 (as validated in reference (8)). That is

T
1s s
%Rg.1100 ~ Z’IO Byingy(ndr (4)
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ABSORFTION COEFFICIENT
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1100A A

FIG. 4 SCHEMATIC OF NONGRAY CONTINUUM STEP MODEL ABSORPTION COEFFICIENT
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0.5

0.4k WITHOUT RADIATIVE COOLING

0.3

0.2

(8182) « 107 (FT-LB)/'(F’I‘Z-SEC—STER)

WITH RADIATIVE COOLING

0.1 = / V SYMBOL :NDICATING POSITION WHERE y/&=0.5

i \ 1 | 1 i i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

T

FIG. 5 EFFECT OF RADIATIVE COOLING AND NONGRAY SELF~-ABSORPTION ON THE
DISTRIBUTION OF 84 € o THROUGH THE STAGNATION KEGION SHOCK LAYER

AS A FUNCTION OF Ty. Ve = 50,000 FT/SEC; ALT = 200,000 FEET; R=2.0 FEET
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The previously unoublished numerical results shown in figure 5, which
were obtained dvring the prnparation of raference (8), indicate that
the local maximum of Bfiz is predominantly governed by radiative
cooling, whereas the decrease in 3162 for larger values of Ty is due
to self-absorption (i.e., small values 02{12). The influence of the
thermal boundary layer nesr the wall is respounsible for the decrease
in Bfiz at smaller values of 7;. It is important tec notice in figure
5 that radiative cooling and self-absorption flatten the distribution
of Bi€2 through the shock layer. This trend is further supported by
the results of figure 6, which graphically shows the increasing effect
of radiative cooling and self-absorption as R ig increassd. This
flattening of the Bffz curve hints very strongly at a simple approxi-~
mation for QRO-IIOO; namely, the area under the curve appears te be
reasonably approximated by a rectangle »f height (BlCE)s and of
length Tig? 28 shown by the dotted iines in figure 6. (The subscript
s implies conditions evaluated immediately behind the bow shock.)

With this approximation, eguation (4) becomes

Qro-1100 = 27 (Bi&a)g T4 (5)

This expression can be readily evaluated knowing Kls and the shock
detachment distance, 6, as will be outlined in a subsequent section,
-In addition, the results shown in figure 6 indicate that the above
assumption, and therefore equation (5), becomes more realistic for
increasing values of R, where the effects of radiative cceling and
nongray self-absorption become stronger, and where the thermal

boundary layer becomes a smaller fraction of l‘he total shock layer.
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Long Wave”Length Contrinution

In contrast to the siroug seli~absorption cocurring in the
v-u~-v wave length range, the shock layer is optically thir for long
wave length continuum radintion,lwa thus providing aan advantage in -
isg

obtairing & simple expression for QR1 However,

100~ 3160~
affected by radiative cooling of the shock layer due to radiative
emission from all wave length ranges, snd this effect must be taken
into account,

For a transparent, coastant property, eguilibriuwa sheck 1ayer,l4
the stagnution point radiative heat trunsfer is given by EséﬂD/z’
wheyre ES is the radiative energy emitted by the shock-heated gas
per unit time gad volume evzluated for equilibrium conditicns behind
‘the normel Sow shock, angd 6AD is the shock detachment distsace. How-

ever, iZ the transparent shock layer is coocled due to radiative

emission, the stagration point radiative heat transfer is reduced,l5
agé is given by (EséAD/ﬁ)f(T), where £{I) 5 1 and is a functicr of
the radiation loss parameter.

E &

PV, /2

A& curve for I(T) has been obtained by Hoshizaki (figure § of referencs
(15)); as indicated in reference (6), this curve iz upparently indepe;
dent of the gas radiative p.operties,

From the above experience, it appears reasoaable that
QR1195p.o S8 De expressed as

P ~ { Iy ZyI¥5T -
WR1108-0 ™ Fpglyp BT Tgeg) @

,
Py’
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o

where EZS = 45(K232)S and 82 = Jlloondx. Thus,

QR1100-= = 27 (K3Bo) J0ap £(T 5g) (&)

reff is Jderined here as an "effective" radiation loss parametfer which
represents the ratio of the radiative energy flux out of a constant
property, uncoupled, nongray shock lsyer to the flux of enthalpy
cenvected into the shock layer from the free stream through the bow
shock, Téff must contain the influences of both the stroangly absorbed
v-u~-v¥ 28 well as the relatively transparent long wave length ranges.
Because tha physical effect of self-abscorption is to irap some of

the energy within the absorbing shock layer which would otherwise be
lost if th= gas were transparent, Féff < T. Also, because of tke

aifferznt nature of the two wave length regions, it is reasonable to

represent Téff as the sum of two terms
Téff = rl + r2 (9)

where Ti and ré apply to the wv-u~v and long wave length regions
respectively. An expression for T, is immediately suggested by

equation {5} applied for the (transparent) long wave length region:
T, = B, 6, /(p.Vo/2) = 4w (X,B,) 6, /(p V-/2) (10)
2 “2g AD ® o 272"s AD o o

An expression for Fl is suggested by the results of reference (4},
which indicate that an "effective" value of the radiation loss
paramzeter including self-absorption for a gray zas can be approxi-
mated by the product [exp(—bvs)]r, wvhere Ts is the gray opfical

thickness of the shock layer, and b is a constant, Applying this

i4
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sesult fo the v-u-v regior for the present analysis, and approximating
b by unity as suggestsd by inspection of the numerical results of

reference (8), the following expression for ri is obtairned:

-T -7
1s s <
e 8 Eigfp e (4B an
1 - -
Pua/2 Rz

Kote thst rl approaches the correct optically thin espression as

Tis vecomes spall. However, if is conceded that o more appropriate
expression for ri amight be nbtained with further study. Iu fact,
equation (11} szhows that Fi approaches zere asx 6£D (zand thus Tls)
becomes very large, wheraas it is pbysically reasonadle chat Ti
sheculd approsch a finite 1imit, Conssqueatliy, as Tig bacomes large,
the v-u-v radiative cnergy lcss tarough the bow snock i= not entirely
accounted for in eguation (113, (On tae otber hand, it will b shown
later that the Veu=v rediazive enevgy loss in the opposite dizection,
towards the surface. does indeed mporoach zerc 2s Tis becoxmes very
iarge.) Nevertheless, feor practical vaiues of shock layer thickness,

sguation {11) is considered sufficient for ¢he peesent purpose.

Therefore, from equations {8), (3¢} znd {11},

sxie 25(5.8.) 4 (LB I
et Bt Sl Pap (12}
eff . Vre =
PoVel 2

Consequently, eguation (&), witha Eéff gvalvated gs egquation (12),
elliovws a simple svyaxluxiion of QR?iaowo #hich takes into account

radistive cooling from 21l wave lengths,
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Application of Formula

The complete expressicn for the total stagnation point, continuun,

nongray, radiative heat transfer is obtained from equations (3), (5)
and (3) as:

Qp = 2mBL,) g + 20( (£8,) 0,p18(T 00 (13)

with réff given by equation (12). For a given reentry trajectory

point (p_, and V) and a given nose radius; R, equation (13} can be

rapidly evaluated by hand in a straightforward fashion as outlined

(1) Obtain from normal shock wave tables (such as reference
(16)) the equilibrium density and temperature, P and Ts, behind the
t bt <
bow shuck. For Pg and Ts’ obtain Kls from Hahne's tables and KZs
from one half the radiance values of Nardone et al.lz Alternatively,
use the approximate correlations for Kls and KZs available from

reference (8).

(2) Obtain OAD from hypersonic flow theory. The ZLollowing

1
expression is recommendsd, 7

5, /R = £ (14)
AD 1+ (20)7

where e = p./p_.
(3) Calculats T1gl T1g ™ KlséAD' Then find Ez(vls) from existing

Q
tables of the integro-exponential function.l“’18

(4) For Ts, obtain Bl and B2 from 1igure 7, or from numerical

evaluation of their definitions,
(56) Evaluate Féff from equation (12).

{é) Obtain f(réff) from figure 8, or from the more extended

zurve in figure 9 of reference (15).
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(7) Evalute the stagnation point continuum, nongray, radiative
" hemt transfer from equation (13). ’

The above development has been carried out for the case of
continuum radiation with the continuum absorption coefficient for
high temperature air reasonsbly approximated by a step model such
as that shown in figure 4, However, this analysis can ke extended
to include atomic line radiation as reasoned below., Recenl measure-
mentslg"21 of atomic line radiation from high temperature air have
indicated that the line intensities are strongly self-absorbed. In
ainﬁion, Nerem5 }s currently working oa a four~step model absorption
coefficient which includes atomic line as well as confinuum contribu-~
tions. Also, Olstad22 at NASA Laugley is developing & combined atomic
line and continuum step mcdel absorpiioh coefficient. Consequently,
it appears that wquation (13) can be sxtended in a straightforward
manner to ianclude atomic line radiaticn by coasidering s multi-step
absorption coefficient model sand by evaluating the contribution to
QR from each step in the manner prescribed above. (f course, Féff
should also be extended to account for each step. These extensiorns
are not explicitly made in the present paper due to the current
unavailability of a precise step model absorption coefficient which

includes atomic line radiation.
RESULTS

Equation (13) compares favorabiy with existing numsrical data
for stagnation point, nongray, contianuum, radiative heat transfer,
as can be seen from figure 9 and Table 1, Figure ¢ compares the

values of QR obtained from cguation (13) with the numerical resulits

18
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0

@ HOSHIZAKI  (REF 1)
NUMERICAL DATA

[ ANDERSON  (REF 8)

w_ EGUATION (13)

V_ = 50,000 FT/SEC
[o0]

ALT = 200,000 FT

RADIATIVE HEAT TRANSFER (BTU,/FTz-SEC)

10

@]

NOSE RACIUS (FT)

FIG. 9 COMPARISON OF ENGINEERING FORMULA WITH NUMERICAL RESULTS
FOR STAGMNATION POINT CONTINUUM RADIATIVE HEAT TRANSFER
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NOLTR 63-56
of Hoshizaki and Wilsqp,l and Anderson,8 for the trajectory point:

Ve = 50,000 ft/sec; altitude = 200,000 feet. Table 1l presents a more

detailed comparison between these data, including additional trajec-
tory points. Even though the existing published numerical data does
not extend beyond a nose radius of 6 feet, figure 9 shows results from
equation (13) up to R = 15 feet, which is characteristic of Apollo
size reentry vehicles. These comparisons show that equation (13) is

apparently a reasonable engineering formula for stagnation point

raqiative heat transfer taking into account the effects of radiative
cooling and nongray self-absorption within the shock layer. In addi-
tion, the shape of the curve shown in figure 9 reflects the physical
fact that QR is domirated by the v-u-v contribution at small R, whereas

for large R the v-u-v radiation is strongly self-absorbed and the long

I LR T, S I

v: YW

wave length radiative heat transfer is by far the dominant contribu-
1,4-8

o

RN I O

tion. These trends can be seen in detail in Table 1. 1In fact,
for large nose radii (R on the order of 15 feet) the present approxi-
mate results indicate that QRO-lloo may be on the order of one percent

of QR. These proportions remain to be verified by detailed numerical

and/or experimental results for large nose radii; however, the results

of Nerem and Carlsou5 for shock tube end-wall radiative heat transfer

R

behind a strong reflected shock wave in air indicate that such propor-~

tions between Qpy_ 3190 2029 QR;jg0-. 2¥€ reasonable for thick shock .
layers. Of course, on a physical basis, the striking reduction of

QRO-IIOO for large nose radii is due to the strong v-u~v self-absorption,
thus attenuating QRO-IIOO’ and to radiative cooling of the shcck

layer, which reduces ths local radiative emission as weil as shifts

the peak of the Planck black body curve to longer wave lengths,
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An interesting comparison is also obtained by applying
eguation (13) to the en&-wall radiative heat transfer behind a
strong reflected shock wave in a shock tube; for this case, GAD -
th, where WR is the reflected shock wave velocity and t is the
time after reflection. Figure 10 compares the approximate formulsa
with the shock tube results cf Nerem and Golob105 for the case of
& reflected shock wave produced by an initial incident shock
velocity of 8.85 mm/i sec and initial driven tube pressure of
1 mm Hg. The comperison is again favorsble, even though in this
case somewhat dissimilar quantities are being compared. That is,
equatior (13) with Kls and KZS evaluated from references (11) and
(12) respectively, as described above, represents continuum, nongray,
radiative heat transfer over the entire wave length spectrum, On
the other hand, the shock tube results of Nerem and Golobic give
measured radiative heat transfer for v.l7 < )\ < 6y, and contain
contributions from atomic 1ine as well as continuum radiation.
These dissimilarities are to some degree mutually compensating,
however, the relatively favorable agreement shown in figure 10
should be construed as somewhat fortuitous, Nevertheless, the
point is made that equation (13) can be used to predict end-wall

as well as stagnation point radiative heat transfer,
CONCLUSIONS

An approximaete, closed~form equatior has been developed which
allows rapid calculation of reentry, stagnation point, radiative
heat transfer taking into account the effects of radiative cooling

and nongray self-absorption within the shock layer. This equation

23
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f 6
. g 12 r T
5‘ EQUATION (13) N
3
Z 0
™~
z
¥
> 38r
[
(72
| Z
i
Z s
= ‘
v P SHOCK TUBE DATAINEREM AND
< GOLCBIC (REF 5)
Q
4
~ & U, =8.85 MM/ SEC
. , =1 MM HG
2
' i $ i { L L
0 2 4 6 e 10 12

TIME AFTER SHOCK REFLECTION { [ SEC)

FIG. 10 COMPARISOM CF ENGINEERING FORMULA WITH MZASURED SHOCK

TUBE END-WALL RADIATIVE HEAT TRANSFER RATES BEHIND A REFLECTED
SHOCK WAVE

24

-




- - - ~ N T AT et Lt Yaem N an Vel am  mm . g oen s - T A

HOLTR GE«48

is not a correlation of existing numerical data; rather, it has

<

S, UL ARE, 1

>
§

been derived on a rational physical basis, BHowever, & hint with
regard to a crucial physical assumption was revealed by close

examination of numsrical results; namoly, that the product 31€2

R Mu’_«(\‘&:n‘ o Lt

is reasonably constant through the snock layer due to the combinad
influences of radiative cooling and pongray self--sbsorptica. The

resulting formula compares favorably with existipg sumerical calcu-

* oo s clig i , Y

lations of stagnation point, nongray, continuum radiative heat
transfer, In addition, s suggestion is made for an extension of
the formula to include stomic liae as well as continuum radiatiocn, ]
predicated upon the future development of a step model absorption
coefticient which represents both types of radiastion, Also, in
addition to the stagnatiocn point case, the formula is showan te

predict end-wall radiative heat transfe:r behind a strong reflected

shock wave. Finally, the formula provides a rapid means of obtaining,

by hsnd, rsasonably accurate ~angineering estimates of reentry radia-~
tive heat transfer including rasiative cooling and nongray self-
abzorption, thus circumventing lengthy computer solutions, Of
course, the formuls is not intended to replace numerical calculations

when very high accuracy is desired,

25

L T TR T e e R A TR RO




3.

4.

5.

7.

T m e m e m e e e A AT BT TR AT IGATE T s ahtan Aes e m -

ROLTR €8«56

REFERENCES

Hoshizaki, H., and Wilson, K. H., "'Convective and Radiative

Heat Transfer During Superdrbital Entry,"” AIAA Journal, Vol. 5,

Ho, 1, January 1967. pp. 25-35
QGlstad, W, B., "Stagnation Peint Solutions for an Inviscid

Radiating Shock Layer," Pr-cexdings of the 1965 Heat Transfer

and Fiuid Nechanics Irnstifute, Stanford University Press,

Stanfora, Californie, 1965, pp. 138-156
Dirling, R. B., Jr., Rigdon, W. S., and Thouas, ¥,, "Stagpation

Point Heating Including Spectral Radiative Transfer," Proceedings

of the 1567 Heat Transfer and Fluid Mechanics Institute, Stan-

ford University Press, Stanford, California, 1967, pp. 141-162
Ancderson, Jehn D., Jr., "Radiative Transfer Effects on the Flow
Fieid and Heat Transfer Behind a Reflected Shock Wave in Air,"
The Physics of Fluids, Vol., 10, Ne. 8, August 1987, pp. 17385-1793

Nerem, Robort M., and Golobic, Robert A., "Shock Tube Heasurements
o End-Wzll Radiative Heat Transfer in Air," AIAA Pgper 67-69S5,
Presented 2t the AIAA Electric Propulsion z2rd Plasmadynamics
Conference, September 11-13, 1967

Anderson, John D., Jr., "Nongray hRadiative Transfer Effects on

the Radisting Sitagnation Region Shock Layer and Stegaatioa Poiut
Heat Transfer,” NOLTR 67-104, July 1967, U, S. Naval Crdnance
Leborztory, White Oak, Maryland

Anderson, John D,, Jr., "Norngray Radiative Stagnation Point

Heat Transfer,'" AJAA Journal, Vol. 6, No. 4, April 1968, pp. 758«

750

26




9.

10.

1.

13.

4.

15.

NOLTR 68«55

Anderson, John D., J¢., "A Simplified Analysis for Reentry
Stagnation Point Heat Traasfer from a Viscous Nongray Radiating
Shock Layer,™ AIAA Paper 68-164 (presented at the AYAA 6th
Aerospace Sciences Meeting, New York, Jancary 1968); also ROLTR
67-189, Rovembexr 1967

Sichel, Mariin, "Computer Experiments Reiated to Chemical

Propulsiorn," AIA4 Journal, Vol. 5, No. 9, September 1967,

Pp. 1537-1549

dowe, J. 7., snd Viegas, J. R., "Soluvtion of the Ioanized
Rediating Snock Layer, Inciuding Reabscrption and Foreign
Species Effcectis, and Stagnation Region Heat Transfer, NASA
TR-R-152, 1963

Hahne, Gerhard E., "The Vacuum Uliraviolet Radiation from
N+ and O+ Electron Recombination in Eigh Temperature Air,"
HASA TN D-2754, June 1965

Nardone, M. C., Breene, R. G., Zelden, S. S., and Riethef, T. R.,

“"Radiazpce of Species in High Temperature Air,” R63SD3, June 1963,

General Eiectric Space Sciences Laboratory, Valley Forge, P=s.

RKourganoff, V., Basic Methods in Tramsfer Problems, Dover

Publications, Inc., New York, 1963. pp. 1-39
Vick,. Bradford H., "Rudiative Heating of Vehicles Entering

the Errth's Atmosphbere,” The High Temperature Aspects of Hyper~

sonic Flow, Pergamon Press, The Macmillan Company, New York,
1964, pp. 607-~626

Wilgon, K. H,, aand Hoskizaki, H., "Inviscid, Nopadiabatic Flow
About Bluant Bodies," AIAA Journmzl, Vol. 3, No, 1, January 1965,

po. 67-74

27

I
PRTIIE S S Y

»

o,

A

BEIN

A 2 AT s e e

N

FIAH TR SUTE I DR W

-

A

48 e el AR KPR T Yo o sl < S L5

e, S T s P ST St PR et w2 1

P
¥

.‘,-hv—‘ et
.}‘gf‘;ﬁﬂoﬁr‘hﬂd&ﬁﬂ‘t R

3w
o ew
.




JEREGITR

Vo T TR IR N e TR 7 S AW

AT TET AT SN TR A

T T TR R TR RN T

(RF WEVWWWWWW-W‘JW*&#W i
: y

TR PR FTTEY ST N, T
.

:
4
A

i6,

17,

18,

l9,

20.

21.

22,

NOLTR 68-56

Marrcne, P. V., "Normal Shock Waves in Air: Eguilibrium Coupo-
sition and Flow Parameters for Velocities from 26,000 to 50,000
ft/sec," CAL Report No, AG-1729-A-2, August 1962, Corrszil
Aeronautical Laboratory, Inc., Buffalo, New York

Hayes, Wallace D., "Some Aspects of Hypersonic Flow,”" The
Ramo~-Wooldridge Corporazion, Jannary 4, 1955

Abramowitz, M. and Stegun, 1., Handbook of Mathematical Functions,

Dover Publications, Inc., New York, 1965

Wood, A. D.. Hoshizaki, H., Andrews, J. C., and Wilsemn, X. H.,
"Measurements of the Totsl Radiant Intemsity of Adr," AIAA
Paper 67-311, presented st the AIAA Thermophysics Specialist
Conference, New Orleasns, April 13867

Nerem, R, M,, "Atomic Line Radiation in Equilibrium Air,"
ATAA Journal, Vol., 4, No. 8, pp. 1485-1486

Gruszczynski, J. S., and Werren, W. R., Jr,, "Study of Equilibrium
Air Yoval Radiation," AIAA Jourral, Vol. 5, No. 3, March 1967,

pp. 517-525
Olstad, Walter B., private communization, April 1967

28

L O




INCLASSIFIED
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security clacaification of title, borly of abstract and indexing annotation muot be entered when the overall teport s classilied)

1 ORIGINATIN G ACTIVITY (Corporate authosr) 2a. RCPORT SECURITY C LASSIFICATION
U, S. Naval Ordnance Laboratory IINCLASSIFIED
White Oak, Silver Spring, Maryland 28 sroup

';-_EEPORT TITLE
AN EQUATION FOR RAPID CALCULATION OF STAGNATION POINT RADILTIVE

HEAT TRANSFER (INCLUDING SHOCX LAYER RADIATIVE COOLING AND NONGRAY
SELF~-ABSORPTION)

4. DESCRIPTIVE NOTES (Type of report and Inciusive datss)

final

5. AUTHOR(S} (Last namo, {irst name, initial)

Anderson, John D., Jr.

6. REPORT DATE 78. TOTA. NO. OF PAGES 7b. NO. OF REFS
12 April 1968 29 22

8a. CONTRACT OR GRANT NO. 9a. ORIGINATOR'S REPORT NUMBER(S)

FR-61

& PROJECT NO.

NOLTR 68-56
-
c. 95. OTHER REPORT NC{S) (Any othesr numbers that may bs assigned
thies report)

d.

10. AVAILABILITY/LIMITATION NOTICES

This document is subject to special export controls and sach trans-

mittal to foreign governments may be made only with prior approval
o2 NOL.

11. SUPPL EMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

t3. ABSTRACT

A closed~form equaticn is derived for stagnation point reentry
radiative heat transfer accounting for the combined effects of
radiative cooling and nongray self-absorption within the shock
layer. The equation can be applied for both continuum and atomic
line radiation, In addition, the equation is shown to agree favor-
ably with existing numerical data for stagnation point, continuum
radiative heat transfer for & wide variety of conditions. Also,
the equation is shown to apply to the end-wall radiative heat
transfer behind a strong reflected shock wave ir a shock tube.
Finally, the equation provides a rapid means of obtaining, by hand,
reasonably accurate engineering estimates for reentry radialive heat
transfer including shock layer radiative cooling and nongray self-
absorption.

N

DD 5%, 1473 UNCLASSIFIED

Security Classification




O NN L N R AT

PRI P 0% YRR SN IR TN ST AT IS ey

PEENTCEr Sy £72g

Security Classification

£ BT O W & s P R TR

14.
KEY WORDS

LINK A LiNK B LINK C

ROLE wT ROLE WT ROLE wT

1. radiative heat transfer
2, stagnation point

3. nongray

4. reentry hest transfer

1. ORICINATING ACTIVITY: Eater the name and address
of the contractor, subcontractor, grantee, Department of De-

fense activity or other organization (corporate author) issuing
the report.

2s. REPORT SECURTY CLASSIFICATION: Enter the over
all security classification of the reporte Indicate whether
““Restricted Data’ is included. Marking is to be in accord-
ance with appropriate security regulations,

2b. GRCUP: Automatic downgrading is specified in DoD Dj-
rective 5200, 10 and Armed Forcer Industeiul Manual. Enter
the group number, Also, when applicable, show that optionat

;nn:uxgs have been used for Group 3 and Group 4 as author-
zed,

3. REPORT TITLE: Enter the compiete report title in all
capital letters, Titles in all cases should be unclassified,
If a meanin, ful ttle cannot be selected without classifica-
tion, show title classification in ail capitals in parexthesis
immediately following the title,

4. DESCRIPTIVE NOTES: If sppropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final,
Give the inclusive dates when a 8pcoiiic reporting period is
covered.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial,
If military, show rank and branch of service. The name of
the principal author is an ahsoiute minimum requirement,

6. RLPORT DATE: Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page couat
should follow normal pagination procedures, i.e., enter the
number of pages containing information.

75, NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8s. CONTRACT OR GRANT NUMBER: if eppropriate, enter
the applicable number of the contract or grant under which
the report wag written.

8b, B, & 8d. PROJECT NUMBER: Eanter the appropriate
military department idertification, such ag project numbes,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR’S REPORT NUMRER(S): Enter the offi-
ciel report number by which the document will be identified
and controlled by the originating activity, This number must
be unique to this report,

95. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originstor
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-
itations on further dizsemination of the report, other than those

INSTRUCTIONS

imposed by security classification, using standard statements
such as:

(1)  “Qualified requesters may cbtain copies of this
report from DDC, "’

(2) ‘'*Foreign announcement and dissemination of this
report by DDC is not authorized.t?

(3) *“U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

"
.

(4) ““U. S. military agencies may obtain copies of tlis
report directly from DDC. Other qualified users
shall request through

(5} *“All distribution of thic report is controlled. Qual-
ified DDC users shall request through

If the report has beaen furnished 1o the Office of Technical
Services, Department of Commerce, for sale to the pablic, indi-
cate this fect and enter the price, if known.

11, SUPPLEMEMNTARY NOTES: Use for additional explana-
tory notes,

12. SPONSORING MILITARY ACTIVITY: Enter ths name of
the departmental project office or laboratory sponsoring (pay~
ing for) the research and deveiopment, inciude address,

13. ABSTRACT: Enler an abstract giving a brief and faciual
Summary of the document sndicative of the report, even though
it may also appear elsewhere in the body of the techaical re-

port. If additional space i3 required. a continuation aheet yhal)
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the absiract shell 2nd with
an indication of the military security classification of the in-
formation in the paragraph, sepresented as (7S), (5), (C), or (V).

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 to 2%5 words.

14 KEY WORDS: Key words are technically meaningful terms
or gshort phrases that characterize & report and may be used as
index entries for cataloging the repor:. Key words must be
selected so that no security classification i tequired. Identi-
fiers, such as equipment model designation, trade name, military
project cade name, geographic locatfon, may be used as key
words but will be fellowed by un indication of tecanical con-
text. The assignment of links, roles, and weights ts optional,

UNCLASSIFIED

Security Classification

-t




